• We report a first-in-human dose-escalation study in relapsed/refractory B-cell malignancies with the potent BTK inhibitor ONO/GS-4059.
Introduction
Bruton tyrosine kinase (BTK) is a TEC family kinase 1 that is broadly expressed in several hemopoietic lineages.
2 BTK comprises 5 structural domains, including pleckstrin homology, TEC homology, Src homology 2 and Src homology 3, and kinase domains 3 ; full BTK kinase activation is dependent on recruitment to the plasma membrane via the pleckstrin homology domain following phosphatidylinositol (3, 4, 5) triphosphate binding. 4 In humans, BTK mutations result in arrested B-cell development leading to severe agammaglobulinemia. 5 This, along with the observations of the central role of BTK in signaling from the B-cell receptor, has indicated that BTK is a functional therapeutic target and has led to the development of small-molecule BTK inhibitors for the treatment of B-cell malignancies and autoimmune conditions. 6 An interesting feature of the adenosine triphosphate-binding pocket of BTK is the presence of a cysteine residue at 481; only 9 other kinases retain cysteine at comparable sites. 7 It has been possible to design BTK inhibitors that target this exposed amino acid side chain specifically, in some instances irreversibly, through the formation of a covalent bond. The first-in-class irreversible BTK inhibitor, ibrutinib (Imbruvica; Pharmacyclics), has been approved for the treatment of chronic lymphocytic leukemia (CLL), mantle cell lymphoma (MCL), and Waldenström macroglobulinemia (WM). [8] [9] [10] The kinome of ibrutinib includes low nanomolar inhibition of several other key kinases such as epidermal growth factor receptor (EGFR), Janus kinase 3, and ErbB2. The online version of this article contains a data supplement.
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has resulted in a clinical trial in T-cell lymphoma (NCT02309580), whereas the inhibition of ErbB kinases may lead to application in solid malignancies. 13 Most patients tolerate ibrutinib well. However, ibrutinib can also lead to significant toxicities, including bleeding, arthralgia, diarrhea, and atrial fibrillation (AF). 9, [14] [15] [16] [17] Potent inhibition of EGFR by ibrutinib 18 may explain the observed diarrhea, also seen in clinical practice with EGFR inhibitors. 19 More selective BTK inhibitors have therefore been developed. 6, 20 ONO/GS-4059 is a selective and an irreversible inhibitor of BTK
21
; the structure and kinome of ONO/GS-4059 are shown in supplemental Figure 1 (see supplemental Data available on the Blood Web site). In vitro, BTK is potently inhibited by ONO/GS-4059 with a 50% inhibitory concentration of 2 nmol/L. 21 ONO/GS-4059 induces classical apoptosis at nanomolar concentrations in the activated B-cell diffuse large B-cell lymphoma (DLBCL) cell line, TMD-8 22 and in a TMD-8 xenograft model, treatment with ONO/GS-4059 resulted in inhibition of tumor growth. 23 These promising preclinical data prompted clinical evaluation of ONO/GS-4059. We report here clinical data from a multicenter phase 1 dose-escalation study of ONO/GS-4059 in 90 patients with relapsed and refractory B-cell malignancies.
Patients and methods

Ethical approval
Approval from the regulatory authorities was obtained prior to screening of the first patient, according to national and international regulations and guidelines. Each investigator had obtained written and dated approval from the Institutional Ethical Committee for the trial protocol, the written informed consent form, consent form updates, and all other written information provided to patients. Figure 1 . Additional eligibility criteria included: 30 days from previous treatment, aspartate transaminase or alanine transaminase ,2.5 times the upper limit of normal, total bilirubin ,1.5 times the upper limit of normal, creatinine clearance $50 mL per minute, hemoglobin .10 g/dL, platelet count .50 3 10 9 /L, and neutrophils .1.0 3 10 9 /L. Exclusion criteria included: prior use of an investigational tyrosine kinase inhibitor (including BTK inhibitors) or investigational monoclonal antibody within 3 months of trial entry; prior history of pancreatitis; central nervous system lymphoma; documented history of Parkinson disease; cerebellar disorders or other movement-related disorders; history of malignancy that had been treated, but not with curative intent, unless in remission for $2 years without treatment; known active infection; positive results for HIV, hepatitis B or C; or significant uncontrolled concomitant diseases. A maximum dose of prednisolone 20 mg per day was permitted. There were no restrictions on anticoagulant use.
Patients
Study design and objective
The primary objective of this study was to determine the safety and tolerability of escalating oral doses of ONO/GS-4059 in patients with relapsed/refractory NHL and relapsed/refractory CLL. Each treatment cycle consisted of 28 days with continuous dosing. Study design was that of a 3 1 3 dose-escalation design with 2 parallel dose-escalation groups, 1 for NHL and 1 for CLL. Patients in both cohorts were treated with an initial dose of 20 mg once daily. Dosing for subsequent CLL cohorts was 40 mg, 80 mg, 160 mg, 320 mg, 400 mg, 500 mg, 600 mg once daily, and 300 mg twice daily. Subsequent dosing for NHL was 40 mg, 80 mg, 160 mg, 320 mg, 480 mg, 600 mg once daily, and 240 mg twice daily. Dose escalation continued until the maximal tolerated dose (MTD) was reached based on protocol-defined dose-limiting toxicities (DLTs) or the predetermined maximum dose of 600 mg was reached. DLTs were limited to drug-related toxicities occurring within the first 28 days of treatment. After the first patient in each new cohort reached day 15 without occurrence of a DLT, the remaining patients in the cohort were enrolled. All patients were followed for the occurrence of toxicities for 28 days from receiving their first dose of ONO/GS-4059 prior to the initiation of the next dose level/cohort. Where a DLT occurred, a further 3 patients were recruited to that dose level. DLTs were defined according to NCI-Common Toxicity Criteria for Adverse Events (CTCAE) version 4.0 as all CTC grade 4 ONO/GS-4059-related adverse events (AEs) and all CTC grade 3 ONO/GS-4059-related AEs with the exception of grade 3 lymphocytosis, which was considered an expected outcome of BTK inhibition. 25 
Study assessments
Frequency and intensity of AEs were graded throughout treatment, and toxicities were assessed by the NCI-CTCAE (version 4.0). Physical examination and blood samples for hematology, biochemistry, coagulation, and serum lipase/amylase were performed at every cycle. Leukocyte immunophenotyping and serum immunoglobulins (cycles 1, 3, and 5), urinalysis, and T-/B-cell counts were assessed on day 1 of each cycle. Disease response assessments included computed tomography (CT) imaging and physical examination. CT scans were performed during screening, at 3 monthly intervals for the first year and at 6 monthly intervals thereafter. All patients underwent CT scan at cycle 1 day 28 to check for possible drug-associated pancreatic changes. For CLL patients, analysis of prognostic markers was undertaken (including 17p deletions, 11q, 13q, trisomy 12, TP53 mutational status, IGHV mutational status) centrally. Determination of DLBCL subtype was performed locally using immunohistochemistry and the Hans algorithm. 26 Best clinical response was determined based on Cheson et al for NHL patients, 27 Owen et al for WM patients, 28 and the International Workshop CLL (iwCLL) Working Guidelines 2008 for CLL patients. 24 Progressive disease (PD) was defined from best response.
All patients were recommended to take ONO/GS-4059 in a fasted condition to minimize potential variability in absorption. Pharmacokinetic (PK) sampling was carried out for cycle 1 day 1 (predose then 30 minutes, 1, 2, 3, 4, 6, 8, and 12 hours postdose), cycle 1 days 2, 8, and 15: predose and 4 hours postdose. On cycle 1 day 28, PK sampling was taken predose, then 30 minutes 1, 2, 3, 4, 6, 8, and 12 hours postdose.
Statistical analysis
This was a dose-escalation trial designed to determine the recommended phase 2 dose. Safety analysis was based on all patients who were enrolled into the study and received at least 1 dose of ONO/GS-4059. Efficacy analysis is based on all patients who have undergone at least 1 response assessment. The best overall response was used for response analysis. Overall response rate (complete response [CR] plus partial response [PR], including PR with residual lymphocytosis) was calculated for the entire study population as well as for each treatment cohort and histology. Progression-free survival (PFS) was defined as the time from start of treatment until PD or relapse.
Results
From September 2012 to January 2015, 90 patients with relapsed or refractory B-cell malignancy were enrolled into the study and received 1 or more doses of ONO/GS-4059. Patients were recruited and data analyzed according to the 2 treatment groups: relapsed/refractory nonHodgkin lymphoma (NHL) and CLL. Nine dose cohorts were evaluable for each treatment group ranging from 20 mg once daily to 600 mg once daily. A twice-daily regimen was also investigated in 2 cohorts (240 mg twice daily in DLBCL and 300 mg twice daily in CLL patients). Primary clinical data on all enrolled patients are shown in supplemental Tables 1-7 . A summary of the distribution of patients according to the different diagnostic subgroups is shown in Figure 1 .
Overall, significant clinical responses were observed at all dose levels in both CLL and NHL treatment groups. Kaplan-Meier estimates of the median time to disease progression were calculated for each patient group; a plot of the Kaplan-Meier survival function is presented in Figure 2 Table 8 ). At the data cutoff point (March 2, 2015), 34 patients continued treatment with ONO/GS-4059 (supplemental Table 8 ). These patients comprised 21 CLL patients and 13 NHL patients with the longest-treated patients on cycle 32 of therapy ( Figure 3A) . The median duration of follow-up for CLL, MCL, and DLBCL patients was 560, 309, and 60 days, respectively.
Within the CLL cohort (comprising 28 patients), 2 patients discontinued study due to disease progression and 5 due to AEs; in 2 patients with AEs, disease progression occurred concurrently. In the NHL cohort (comprising 62 patients), 49 patients discontinued therapy with ONO/GS-4059: in 32 patients this was due to PD and in 5 due to AEs or DLTs. The other 12 NHL patients were discontinued for various reasons including decision by the investigator or patient themselves, 1 case proceeding to an allogeneic stem cell transplant and the rest were patient deaths due to PD.
Further exploration of the efficacy data for the 3 main patient groups, namely CLL, MCL, and DLBCL (28, 16 , and 35 patients, respectively), is presented in the following three sections. Data from patients with FL, marginal zone lymphoma (MZL), SLL, and WM are not discussed further due to small patient numbers but primary data are presented in supplemental Tables 4-7, respectively.
CLL patients and responses
Twenty-eight CLL patients were enrolled with a median age of 67 years (range, 40-83 years); 23 patients were male ( Figure 3 ; Table 1; supplemental Table 1 ). Fifteen patients were Binet stage B and 13 Binet stage C. The median number of previous treatments was 3.5 (range, 2-7) with 93% of patients having received prior rituximab and fludarabine-based immunochemotherapy. Eleven patients (39%) had chemotherapy-refractory disease. The median time from last treatment to commencing ONO/GS-4059 was 11 months (range, 1-99 months). Laboratory prognostic factors were evaluable for 25 CLL patients; notably, 9 patients exhibited loss of TP53 by fluorescent in situ hybridization, whereas an additional 4 patients were found to have TP53 mutation by Sanger DNA sequencing in the presence of normal fluorescent in situ hybridization signal. Twenty-one of 25 exhibited unmutated IGHV gene segments.
Patients were treated with doses of ONO/GS-4059 escalating from 20 to 600 mg once daily (1 CLL cohort was also treated with 300 mg of ONO/GS-4059 twice daily). The median number of treatment cycles was 20 (range, 1-32). Twenty-five CLL patients were evaluable for tumor response and 21 of these remain on trial ( Figure 3A ). In respect of nonevaluable patients, 1 patient had not reached cycle 3 disease assessment at the time of data analysis, 1 patient developed early PD during cycle 1 (cohort 20 mg once daily) and 1 patient was withdrawn Seven CLL patients were withdrawn due to AEs; 2 of the CLL patients withdrawn due to an AE also had concurrent PD. AEs were considered to be either related (R) or not related (NR) to study drug. In the CLL cohort, these AEs comprised: fever (NR), Escherichia coli septicemia (NR), worsening heart failure (NR), neutropenic sepsis (R), purpura, lymphocytic infiltration (R), spontaneous psoas hematoma (R), idiopathic thrombocytopenia (R). Three DLBCL patients were withdrawn due to AEs: myelodysplastic syndrome (NR), tubulopathy myeloma (renal tubular necrosis) (NR), and confusional state (NR). Two WM patients were withdrawn due to AEs: urticarial reaction (R), nonimmune drug reaction (R). Other reasons for discontinuation included investigator decision (2 DLBCL cases), patient decision (1 FL case), 1 case of MCL proceeding to allograft and DLTs in 2 WM patients. The majority of deaths especially in the DLBCL cohort were due to PD.
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due to AE (idiopathic thrombocytopenia) prior to assessment. The patient with progression during cycle 1 was considered to have developed transformation to DLBCL, although this was not confirmed on biopsy. Twenty-four of 25 evaluable CLL patients (96%) had an objective response within the lymph nodes ( Figure 3B ). Rapid resolution of bulky lymphadenopathy was observed within the first 3 months of therapy (Figure 3C-D) . However, further, slower improvement in lymphadenopathy continued for up to 18 months in most patients. Importantly, normal hemopoiesis recovered during ONO/GS-4059 therapy ( Figure 3E ). Only 2 of 25 CLL patients progressed during therapy with ONO/GS-4059. One patient progressed at cycle 12, the other at cycle 3 (patient 103-228); the latter event was associated with concomitant AEs as described in "Safety and toxicities associated with ONO/GS-4059." Within the different prognostic subgroups it was noteworthy that of the 10 evaluable chemotherapy-refractory patients, all initially responded and 8 of 10 remained on therapy at the time of data cutoff; only 1 patient (203-220, this patient also had del17p/TP53 mutation) had PD on study having made an initial response (supplemental Table 1 sheet 2). Similarly, in patients with chromosome 17p deletions (9 patients) or TP53 mutation without chromosome 17p deletion (4 patients), all 12 evaluable patients responded; 9 patients remain on therapy (supplemental Table 1 sheet 3).
Four of the 25 evaluable CLL patients were withdrawn due to AEs, of which 1 patient had concomitant PD. AEs included neutropenic sepsis, purpura, spontaneous psoas hematoma in the presence of a normal platelet count, and idiopathic thrombocytopenia. One patient had worsening heart failure that was considered by the investigator to be unrelated to study drug. Apart from the 1 patient with early study withdrawal no other cases of Richter syndrome reported.
MCL patients and responses
Sixteen patients with MCL were enrolled. The median age was 64 years (range, 52-81 years) (Figure 4 ; supplemental Table 2 ). Twelve patients were male. Seven patients were refractory to their last course of immunochemotherapy and the median number of prior therapies was 3 (range, 2-7). Two patients had received previous autologous stem cell transplant, whereas a further 2 patients had received allogeneic stem cell transplants. Ten patients had lymph nodes of .5 cm in diameter. Eleven of 12 evaluable MCL patients (92%) responded to ONO/GS-4059 with 6 of responding MCL patients (54%) attaining a PR and 5 patients (46%) attaining a CR/complete response unconfirmed (CRu), including 1 patient who had previously received an allogeneic stem cell transplant. One patient who made a good response to ONO/GS-4059 subsequently underwent allogeneic stem cell transplantation. Eight patients remain on study. Four patients failed to respond and 3 had PD on ONO/GS-4059 following an initial clinical response.
DLBCL patients and responses
Thirty-five patients with relapsed or refractory DLBCL were enrolled with a median age of 65 years (range, 28-85 years) ( Figure 5 ; supplemental Table 3 ). Of the 35 patients, 24 were male. Thirty-one were classified as non-germinal center B-cell (non-GCB) DLBCL, 2 were classified as GCB DLBCL using the Hans immunohistochemical algorithm, 26 with 1 case of primary mediastinal and 1 plasmablastic DLBCL; assessment of subtype was made locally without central review. Eighteen (51%) had nodal or extranodal masses .5 cm in diameter. Median number of prior treatments was 3 (range, 2-10) and 30 of 35 patients were refractory to their last line of chemotherapy. Ten patients (20%) had undergone autologous stem cell transplantation; none had undergone allogeneic transplantation. Eleven of 31 (35%) of the non-GCB subtype responded, with 2 confirmed CRs and 1 CRu, the remainder being PRs; all of the other patients had PD. Neither of the 2 GCB DLBCL patients nor the patients with primary mediastinal B cell lymphoma or plasmablastic DLBCL responded to therapy. Responses in this cohort were more frequently short (median duration, 54 days). The median number of cycles was 3.5 (range, 1-126 weeks). Fourteen patients underwent dose escalation, which was permitted after completion of 6 months of therapy at the investigator's discretion; no additional responses were noted following escalation. For the 11 non-GCB DLBCL patients who responded, the median time on treatment was 12 weeks.
Peripheral blood lymphocytosis induced by ONO/GS-4059
Thirty patients (67%) exhibited a lymphocytosis (defined as $50% increase from baseline and above absolute lymphocyte count of 5 3 10 6 /mL on initiation of therapy) with ONO/GS-4059, 23 patients with CLL, 4 with MCL, and 1 FL. Three of 4 MCL and the 1 FL patient with lymphocytosis had peripheral blood involvement at baseline. The mean fold increase above baseline was 4.5-fold for the CLL patients, 39-fold for the 4 MCL patients, and in the 1 FL patient, 24.4-fold. For CLL patients with lymphocytosis, peak lymphocytosis was not reached until cycle 3 and then resolved to baseline by cycle 6. Lymphocytosis peaked during the first month of therapy for the MCL patients and had normalized by cycle 6. Lymphocytosis was not associated with response depth or duration nor dose level.
Safety and toxicities associated with ONO/GS-4059
ONO/GS-4059 was generally very well tolerated (Table 2) . A total of 171 AEs were reported on study and those occurring in .10% of patients are listed in Table 2 . The most common (75% in the CLL cohort and 50% in the NHL cohort) were grade 1 or 2 in severity. However, 14.3% of patients treated with ONO/GS-4059 in the CLL cohort and 16.1% of those with NHL experienced a grade 3 or 4 toxicity that was drug related. Grade 3 or 4 toxicities were mainly hematologic and included neutropenia in 9 patients (10%), anemia in 12 patients (13.3%), and thrombocytopenia in 12 (13.3%). These toxicities occurred early during therapy and recovered spontaneously ( Figure 3E ). There was only 1 grade 3 episode of drug-related hemorrhage, in a CLL patient, which resulted in the formation of a psoas hematoma (with concomitant progressive infiltration with CLL) in the presence of a normal platelet count and subsequent trial withdrawal. Twenty-eight patients (31.1%) received anticoagulation therapy during the study period (18 prophylaxis for thromboembolic events, 5 in the context of AF, 4 for confirmed thrombosis, and 1 myocardial infarction), with no resulting increased risk of bleeding (supplemental Table 9 ). In the 5 patients with AF, in 4 this was a preexisting medical condition. The onset of AF in 1 patient while on ONO/GS-4059 occurred following an episode of pneumonia and resolved spontaneously with resolution of infection; it was therefore not considered related to study drug. Diarrhea and arthralgia were classified as a grade 2 toxicity in their most severe forms. Diarrhea occurred in 11% of CLL patients and 21% of NHL patients. Arthralgia occurred in 7% of CLL patients and 8% of NHL patients. An MTD of ONO/GS-4059 in the CLL cohort was not reached. In the NHL cohort, the MTD was reached at 480 mg once daily. Four NHL patients experienced a DLT including: 1 patient with WM enrolled at a dose of 320 mg (urticarial reaction after initial doses of ONO/GS-4059), 1 patient with DLBCL at 480 mg (recurrent and extensive maculopapular cutaneous rash), and 2 patients at 600 mg (including a WM patient experiencing a nonimmune drug reaction which recurred upon rechallenge with ONO/GS-4059 necessitating trial discontinuation and a MCL patient with cutaneous rash at a dose of 600 mg once daily who was able to continue study on a lower dose of 480 mg once daily).
Small animal studies had suggested that clinical doses of ONO/GS-4059 might induce pancreatic changes (T.Y., unpublished data). However, no pancreatic abnormalities were seen on CT imaging at cycle 1 day 28 and no changes in blood amylase and lipase levels were observed at any point during the study in any patient.
Pharmacokinetics of ONO/GS-4059
The pharmacokinetic parameters, maximum observed concentration (C max ), time to C max (T max ), area under the concentration-time curve from time 0 to the last sampling point (AUC last ), terminal elimination half-life (T 1/2 ), and oral clearance (CL/F) were calculated from plasma concentrations of ONO/GS-4059 ( Figure 6 ; supplemental Table 10) . Following multiple doses, ONO/GS-4059 was absorbed with maximal plasma concentrations reached between 2 and 3 hours postdose in all cohorts based on median T max values. Levels of ONO/GS-4059 in the plasma declined rapidly over the 24-hour interval sampling period with mean T 1/2 values of 6.5 to 8 hours. (Figure 6 ; supplemental Table 10 ). ONO/GS-4059 systemic exposure as assessed by C max and AUC last increased in a dose proportional manner across all dose cohorts from 20 mg up to 600 mg once daily ( Figure 6 ). A full pharmacokinetic profile was taken on both day 1 and day 28 of the first cycle of dosing though with the rapid clearance; little accumulation of drug was observed during this period (AUC last values between day 1 and day 28 were comparable). There were no obvious differences in plasma exposure of ONO/GS-4059 (as assessed C max or AUC last ) in any of the patient groups in the trial (CLL and NHL) or between male and female patients. The pharmacokinetics of ONO/GS-4059 following a twice-daily regimen were as anticipated with the AUC time For personal use only. on April 13, 2017 . by guest www.bloodjournal.org From curve for the dosing interval (AUC 0-12 ) on both day 1 and day 28 being equivalent to the same interval in the once-daily regimen.
Discussion
The BTK inhibitor, ibrutinib, has shown remarkable efficacy in both CLL and MCL 8, 9 and in some cases of non-GCB DLBCL. 29 In most patients, ibrutinib is well tolerated. However, ibrutinib exhibits a very broad kinome in vitro 7, 11 and this may cause toxicities arising from inhibition of structurally related kinases. Initial studies with ibrutinib have shown grade 1 and grade 2 toxicities to be common, with gastrointestinal toxicity occurring in up to 50% of patients, diarrhea being the most common. Grade 3 and 4 hematologic toxicity was also seen, with neutropenia, thrombocytopenia, and anemia reported. 16, 17, 30 Bleeding events of CTCAE grade 3 or higher, including central nervous system hemorrhage, have been reported in 3.4% (17 of 506 CLL patients). 17 Here, we report initial clinical data from a phase 1 dose-escalation study of a selective BTK inhibitor, ONO/GS-4059, in 90 patients with relapsed and refractory B-cell malignancies. A striking feature of this study was that ONO/GS-4059 across all disease subsets showed a low incidence of associated toxicities. Individual toxicity (all grades) was ,30%. No grade 3 or 4 gastrointestinal toxicities were reported; grades 1 or 2 diarrhea were observed in only 18% of patients. Anemia and thrombocytopenia were the most common hematologic toxicities but, in most instances, were transient and recovered spontaneously. Only 1 grade 3 drug-related hemorrhagic episode was reported and, importantly, the use of anticoagulant therapy was not associated with an increased risk of bleeding. Grade 3 or 4 neutropenia occurred in 10% of patients, but was usually transient and associated with a low incidence of reported infections. Cutaneous toxicity with ONO/GS-4059 was observed and particularly at higher doses. The pathology was varied and included maculopapular rash, angioedema, and urticarial reactions. In the patient with MCL receiving the 600-mg dose of ONO/GS-4059, biopsy of the rash showed infiltration with polyclonal B cells that did not express cyclin D1 (H.S.W. and M.J.S.D., unpublished observations, November 11, 2014) .
In terms of efficacy, at this early stage of development, the overall patterns of response with ONO/GS-4059 appear to be broadly similar to the published data with ibrutinib. Thus, CLL and MCL patients with chemotherapy-refractory disease, with chromosome 17p deletion and/or TP53 mutation, or following allogeneic stem cell transplantation responded rapidly, with concurrent lymphocytosis in the peripheral blood and rapid clinical resolution of lymphadenopathy within the first few months of starting therapy with ONO/GS-4059. These responses were frequently sustained; 29 of 44 patients with either CLL or MCL (66%) remain on study drug at the time of writing (median duration on therapy, 21 months). Most patients failed to attain a complete remission due to a persistent low level of malignant cells in the blood and/or bone marrow. In non-germinal center DLBCL, 11 of 17 evaluable patients responded; in contrast to CLL and MCL, responses were much less durable with most patients dying from PD.
Which BTK inhibitor is optimal remains unclear and will require head-to-head comparisons. However, ONO/GS-4059 may have significant advantages in terms of reduced toxicities arising from more selective kinase inhibition.
